The influence of semicrystalline order on the second-harmonic generation (SHG) efficiency in the anisotropic bands of Drosophila melanogaster sarcomeres from larval and adult muscle has been investigated. Differences in the semicrystalline order were obtained by using wild-type and mutant strains containing different amounts of headless myosin. The reduction in semicrystalline order without altering the chemical composition of myofibrils was achieved by observing highly stretched sarcomeres and by inducing a loss of viability in myocytes. In all cases the reduction of semicrystalline order in anisotropic bands of myocytes resulted in a substantial decrease in SHG. Second-harmonic imaging during periodic contractions of myocytes revealed higher intensities when sarcomeres were in the relaxed state compared with the contracted state. This study demonstrates that an ordered semicrystalline arrangement of anisotropic bands plays a determining role in the efficiency of SHG in myocytes.
Introduction
With the advancement of microscopic imaging technology a growing number of nonlinear optical processes is being explored for biological imaging. [1] [2] [3] [4] [5] [6] Multiphoton excitation fluorescence (MPF) microscopy is currently the most commonly used nonlinear contrast mechanism. 7 However, interest in second-harmonic generation (SHG), third-harmonic generation (THG), and coherent anti-Stokes Raman scattering microscopy is growing because of an increasing number of biological and medical applications. Unlike MPF imaging, which is prone to signal degradation due to fluorophore photobleaching, harmonic generation microscopy is free of or has a largely reduced photobleaching, owing to the possibility of generating harmonics outside of the linear and nonlinear absorption regions. 8, 9 In addition, the harmonics are produced intrinsically within the sample, and as such do not require labeling. These unique properties of harmonic generation allow the imaging of biological samples for prolonged periods of time with negligible tissue damage.
SHG microscopy has been used for several biological applications including the imaging of collagen, 10, 11 tubulin, 12 chloroplasts, 13, 14 and muscle. 12, 15, 16 Recently, muscle was imaged with high-resolution SHG microscopy. 12 A second harmonic was found to be generated from the anisotropic bands of sarcomeres, excluding the bare region in the center resulting in a double peak signal. When combined with THG microscopy, the somite interfaces from myocytes can be seen in the third harmonic alongside the sarcomeres visualized with SHG. 17 Additionally, Chu et al. 18 demonstrated that with a high NA objective and a wavelength of 1230 nm, the isotropic bands could be observed in the third harmonic while imaging the anisotropic bands with the second harmonic. In addition to SHG from the anisotropic bands, THG revealed cardiomyocyte mitochondria when imaged with 1064 nm excitation, 16 and the trachea near the Drosophila melanogaster larval muscle when imaged at 800 nm. 19 Structurally, myocytes contain longitudinal myofibrils that are mainly made up of titin, and myosin and actin myofilaments. Myofibrils have a unique striated structure, which can be clearly observed with polarization microscopy. The fundamental unit of the myofibril is called the sarcomere (see Fig. 1 ). The sarcomeres are made up of two main regions that can be clearly visualized in a polarization microscope: the isotropic band (I-band) and the anisotropic band (Aband). The A-band consists of the overlapping zones of actin and myosin myofilaments that exhibit birefringence, while the regions containing actin and titin have no birefringence and are labeled as I-bands (Fig.  1) . The thick myosin filaments are made up of rods formed from the chiral myosin heavy chains (MHC) and heads made up of the light chains. In the transverse direction, electron microscopy has shown that formation of the sarcomeres exhibits hexagonal symmetry. 20, 21 In the overlapping region between actin and myosin, each myosin filament is surrounded by six actin filaments, and each actin filament is surrounded by three myosin filaments. The sarcomere size, as measured between the Z-lines is ϳ2-3 m for Drosophila melanogaster adults and ϳ5-8 m for larval muscle. 19 Hence Drosophila larval sarcomeres are ideally suited for understanding the origin of SHG from myocytes because they are two to three times larger than typical mammalian skeletal and heart myocytes. Furthermore, the variety of Drosophila mutants with different myosin content and altered structural integrity of A-bands provides a good model to study the influence of A-band structure on the efficiency of SHG. Several studies on the SHG of muscle have been carried out. 15, 16, 18, 22, 23 It has been shown that mutations of myosin in Caenorhabditis elegans leads to a significant distortion of the striated structure of myocytes, pointing out that myosin is involved in the structures generating SHG. 12 It was further established that SHG requires myosin but not actin, and evidence was provided that SHG does not vary with the concentration or orientation of myosin heads. 23 The tensor elements of the second-order nonlinear susceptibility of myofibrils were elucidated by imaging the sample at different orientations with respect to the linear polarization of the laser excitation. 18 The semicrystalline structure of the myosin filaments has been modeled using hexagonal symmetry. In a similar experiment it was found that the orientation of the harmonophore responsible for SHG appears to be similar to the pitch of the ␣-helix of the myosin rod along the thick filament axis. 23 In studying SHG during mechanical stretching of myofibrils in skeletal myocytes, a strong increase in SHG signal intensity was observed with the sarcomere lengthening. 22 Structural changes during contraction were also shown to effect the width of the SHG bands. 24 It has been well established that noncentrosymmetric media are required for generation of the second harmonic. 25, 26 The noncentrosymmetric media could result from chiral structures, bulk crystals with no inversion symmetry, or molecules with a strong hyperpolarizability (␤) arranged in noncentrosymmetric structures or on surfaces that result in a break in symmetry. For SHG to become a viable imaging and diagnostic tool in myocyte research, the noncentrosymmetric media of anisotropic bands responsible for the SHG must be well understood. The anisotropic band of sarcomeres is complex, and a full characterization of the origin of the second harmonic from within this region is still under debate; some attempts to elucidate the molecular origin have suggested that myosin rod domains are the key structures giving SHG, 23 while others have interpreted that the packed myosin heads in sarcomere thick filaments are responsible for the large second-harmonic endogenous signals. 15 In addition to the molecular origin of SHG, the macro-organization of the molecules in the semicrystalline structure of anisotropic bands of sarcomeres plays a crucial role for SHG efficiency. 18, 27 In general, SHG is not observed in a random suspension of molecules, even when they have a high hyperpolarizability ␤, because of the destructive interference of coherent radiation from the oppositely oriented molecules. 26 In ordered structures, coherent second-harmonic radiation from molecules interferes constructively over a distance given by the phase-matching conditions, rendering a strong SHG signal in the far field. The large cone of rays produced by the high NA microscopic objective usually ensures phase-matching conditions for some propagation directions.
Here we examine the extent to which the semicrystalline ordering of anisotropic bands influences SHG generation efficiency in the Drosophila melanogaster myocytes. SHG imaging of mutant strains suggests that the efficiency of the second harmonic is strongly dependent on the extent of the semicrystalline arrangement of the anisotropic bands. Observations show that stress exerted on sarcomeres attributable to contractions in neighboring myofibrils significantly reduces the efficiency of the SHG. The investigations show that disorder in the semicrystalline arrangement of the anisotropic bands radically influences the SHG efficiency, and demonstrates a decrease in the SHG efficiency during muscle contraction. 
Materials and Methods

A. Microscope Setup
Two femtosecond lasers were used as an excitation source for microscopic imaging. A home-built extended cavity Ti:sapphire oscillator emitting ϳ25 fs pulses at a 26.7 MHz repetition rate was used mainly when MPF imaging of actin labeled with coumarinconjugated phalloidin was conducted (see Fig. 4 below). The emission wavelength of this laser was tunable between 780 and 840 nm, and no more than 1 nJ of incident energy per pulse was used for imaging. For higher signal-to-noise ratio imaging, less invasive excitation at 1042 nm was provided by a diode-pumped Yb-ion-doped potassium gadolinium tungstate (Yb:KGW) laser. The full description of the laser is presented elsewhere. 28 The home-built oscillator delivered ϳ200 fs pulses at a repetition rate of 14.6 MHz. Up to 2 nJ of incident energy per pulse could be used for microscopic imaging without damaging the sample. Both lasers permitted imaging for long periods of time with no observable damage to the samples.
The Ti:sapphire or Yb:KGW femtosecond oscillator was coupled to a home-built microscope (see Fig. 2 ). The multimodal nonlinear microscope has been previously described elsewhere. 16 Briefly, 2D images were obtained by rastering the laser beam by two closed-loop galvanometric mirrors (GSI Lumonics, VM500 Series), which are represented by SM in Fig. 2 . Typically a 20ϫ 0.75 NA microscope objective (Zeiss) was used to focus the fundamental light into the sample. For acquisition of high-resolution 3D volumes, an oil immersion 1.3 NA objective (Zeiss) was used. The 0.75 NA was most often used due to a larger working distance permitting deeper imaging into the tissue. In the forward direction, the harmonics were collected with a home-built UV transmitting objective, whereas the MPF signal was collected in the backward direction with the same excitation objective. To obtain 3D sectioning, the sample was translated axially via a piezoelectric translation stage (Dynamic Structures and Materials, FPA-500) with an optical encoder (MicroE Systems) for position feedback. The emitted photons were detected with photomultiplier tubes (PMTs) (Hamamatsu model or H5783P-01, 03, and -06). The data acquisition electronics featured a photon-counting detection method with simultaneous three-channel recording (NI-6602, National Instruments). Both scanning and detection was controlled with a LabVIEW interface (National Instruments) that was created specifically for this imaging system. Acquisition rates were approximately 8 frames͞s. Typical acquisition times for the whole 3D stack were of the order of several minutes, depending on the desired resolution and signalto-noise ratio. The SHG signal strength was sufficient for using individual frames, but in general, several frames were averaged to improve the contrast and signal-to-noise ratio. Three-dimensional stacks of images collected with the nonlinear microscope were analyzed with ImageJ software, and 3D volume rendering was performed with home-developed software based on a VolumePro 500 (TeraRecon) rendering card. Confocal fluorescence images were acquired with a laser scanning microscope (Zeiss LSM 510) using the 543 nm line of a He-Ne laser.
B. Sample Preparation
Drosophila melanogaster stocks were raised on Bloomington medium at 25°C and the yw strain was used throughout these experiments. The following mutant strains were also used (gift of S. Bernstein, San Diego State University): Mhc 10 is an allele in which no myosin heavy chain is produced in the adult indirect flight muscles (IFMs); Y97 is a transgenic line that expresses headless myosin heavy chain in the IFMs in a wild-type background; Mhc 10 ; Y97 is a strain that expresses headless myosin heavy chain in the IFMs in the Mhc 10 background. Third instar larvae or adults were selected and dissected under Drosophila saline. Adult IFMs were lightly fixed in 4% formaldehyde for 3 min to aid dissection and visualization. For actin labeling, dissected muscles were fixed, washed in phosphate buffered saline plus 0.1% Triton X-100 (PBT) and then incubated overnight in a 1:1500 dilution of rhodamine-conjugated phalloidin for the confocal scans or coumarin-conjugated phalloidin (Sigma) for the multiphoton scans with 800 nm excitation. Adult samples were washed in PBT and mounted on glass slides in Vectashield.
Results and Discussion
A. Structure of Drosophila Myocytes
To visualize the structure of Drosophila myocytes, high-resolution images were collected at 1042 nm excitation. Figure 3 presents a second-harmonic image from both larval and adult muscle. In Fig. 3(a) , the larval muscle shows the periodic striated structure, which is characteristic of the sarcomere anisotropic bands. However, unlike the adult IFMs seen in Fig.  3(b) the sarcomere size is much larger. Drosophila larval muscle has a sarcomere size ranging from 5 to 8 m, whereas adult Drosophila IFM have a typical sarcomere size of ϳ2 m, which is comparable to other myocytes, such as cardiomyocytes and skeletal muscles (see Section 1 for examples). The large difference in size is attributable mainly to the wider I-band observed in larval myocytes; the widths of the SHG bands are approximately equal for both specimens.
The large sarcomere size of larval myocytes is ad- Fig. 3(b) , are routinely observed in both larval and adult myocytes. Both et al. 22 previously observed similar structures in mouse skeletal muscle cells. Initially, the origin of the second harmonic from Drosophila larvae muscle was verified as originating from the anisotropic band (A-band, see Fig. 1 ) by comparing images acquired simultaneously with SHG and MPF at 800 nm excitation. A similar technique has been successfully used to investigate SHG in skeletal and cardiac myocytes. 22, 23 Multiphoton fluorescence from actin was achieved by labeling the samples with coumarin-conjugated phalloidin. Figure 4 depicts the same region of myofibril imaged simultaneously with (a) SHG and (b) MPF. The most intense fluorescence signal corresponds to the Z-line of the I-band. The lowest MPF intensity is seen in the actin void region called the H-zone. The apparent MPF signal in the H-zone comes into view because of point spread function broadening effects from the neighboring actin filaments. Since the second harmonic is generated from specific endogenous structures, the signal is spatially confined and exhibits excellent contrast and signal-to-noise ratio. The second-harmonic signal exhibits periodic bandings with the double lines characteristic of the anisotropic bands of sarcomeres. In comparing the intensity profiles of SHG and MPF along the row of sarcomeres, the signal profiles are shown to anticorrelate [see Fig. 4(b) ]; this provides evidence that the observed second harmonic is being generated from the anisotropic bands of the Drosophila larval sarcomeres. Previous studies have explored the origin of SHG in further detail. 18, 23 The remaining sections of this paper focus on how the SHG intensity is affected by various structural alterations.
B. Effect of Mutations on the Second-Harmonic Generation Intensity of Anisotropic Bands
For exploring how the structure of A-bands affects the SHG efficiency, adult Drosophila IFMs from wild-type and three different mutant strains were used to investigate the SHG response. One strain of mutant, Mhc 10 , develops IFMs that contain no myosin heavy chain which leads to a highly distorted sarcomere structure. Additionally, we looked at a mutant strain that has headless myosin in both a wildtype (Y97) and a Fig. 5(h) ]. This is in agreement with a study by Plotnikov et al. 23 that observed a dramatic decrease in SHG when a disruption of the myosin filaments was induced by incubating myocytes with a low-ionic strength pyrophosphate solution. Interestingly, SHG is generated in both mutants that contain headless myosin [Figs. 5(b) and 5(c)]; however, the mutant in the Mhc 10 background exhibits a more distorted structure compared with the mutant in the wild-type background. As a control, THG from structures located in the myocytes was utilized (the images are not shown); however, here we do not directly address the THG imaging. In Fig. 5 we see that in both the SHG and the FL images, the structural disorder of the sarcomeres increases as the mutation becomes more severe. This agrees with transverse and longitudinal electron microscopy (EM) images of the same muscle types. 29 Although both Y97 and Mhc
10
; Y97 mutants generate the second harmonic, their SHG intensities are significantly different. Figure 5(i) shows the average SHG intensities for the different sample types. The wild-type muscles, which have the highest ordered structure, have the highest efficiency of the SHG. In looking at the three mutant strains, one sees that as the severity of the mutation increases the content of the native myosin decreases and, consequently, the average SHG intensity decreases. The absence of myosin in the Mhc 10 mutant results in diminution of the ordered sarcomere structure and an almost complete loss of the SHG signal. Our observations correspond well with the previous study by Campagnola et al. 12 where mutations in MHC B of C. elegans resulted in a major distortion of striated structure and a substantial decrease in the SHG intensity.
There are three possible explanations for the variations in the SHG intensity of different mutants. First, if the molecular hyperpolarizability ␤ of native myosin is higher than the headless myosin, a reduction in the concentration of native myosin could result in a decrease in SHG intensity. Second, the molecular hyperpolarizabilities might be similar for native and headless myosin, but the concentration of myosin is decreased with the severity of mutation. Consequently, a lower concentration of myosin would result in a weaker second-harmonic signal. Third, the semicrystalline order is very important for bulk SHG generation. SHG is not observed in random suspension of noncentrosymmetric molecules even when they have a high hyperpolarizability ␤. Therefore disorder in A-bands would cause an SHG intensity decrease whether or not any changes to the molecular hyperpolarizibility occurred. The images in Fig. 5 and the original structural study of different mutations with EM 29 provides clear evidence that the semicrystalline structure gets increasingly distorted when comparing wild-type with Y97, Mhc
; Y97, and Mhc 10 mutants. This observation shows that the SHG intensity decrease to a large extent is determined by the disorder of the semicrystalline structure.
C. Effect of Induced Structural Changes on Second-Harmonic Generation
To estimate the influence of semicrystalline order on the SHG efficiency in the A-bands of sarcomeres, we performed several experiments where structural order in the A-bands has been altered without chemical alteration to the myosin thick filaments. Larvae muscles can be imaged for extended periods of time with no visible damage, and as mentioned previously, the large sarcomere size permits a more detailed study of the inner structure of the myocyte bands. The addition of 100 mM KCl changes the ion concentrations in the myocyte and induces contraction of the myofibrils, while an excess of KCl can cause sample damage and loss of viability. These induced changes can be used to further understand the origin of the second-harmonic intensity changes in myocytes.
Sustained contractions of many sarcomeres in a myofibril have been observed after the addition of KCl. Figure 6 presents 2D SHG images over time showing the evolution of a sustained contraction. A localized shortening starting from one sarcomere and gradually engaging more than ten neighboring sarcomeres can be seen. A large stretching and deformation of the neighboring sarcomeres adjacent to the sustained contraction region can also be observed. The deformation of sarcomeres is induced because of the stress generated by the sustained contraction region. The SHG intensity of the A-bands is diminished around the sustained contraction region. Presumably, the myosin molecules are still present in the stretched A-bands, suggesting that SHG intensity is largely determined by the semicrystalline order of the A-bands. The sustained contraction region also shows reduced SHG intensity compared with the region of unaffected sarcomeres. The disorder of semicrystalline structure induced by the large shortening could introduce a degree of randomness, which affects the efficiency of second-harmonic generation.
Further evidence of the importance of a semicrystalline order in the A-bands of sarcomeres was examined during the loss of viability of larval muscle. After the addition of excess KCl, which can impact the viability, a small volume of sample was repeatedly scanned, approximately every 3 min. After thresholding the background intensity, the average SHG signals over the entire volume were obtained and plotted in Fig. 7(a) . The signal decreases by ϳ70% over a period of 90 min; samples imaged under similar conditions without the addition of KCl do not change significantly ͑Ͻ20%͒.
In examining a single optical section, initially [ Fig.  7(b) ] and after 90 min [ Fig. 7(c) ], one sees that 90 min after the KCl treatment, the myocyte image still shows similar muscle structure, despite the decreased SHG signal. The myofibrils, however, do appear broader after a loss of viability, and the staircaselike structures are no longer prevalent. In rendering the sample volumes both at t ϭ 0 [ Fig. 7(d) ] and at t ϭ 90 min [ Fig.  7 (e)] one can see the overall loss of order, which can lead to a decrease in SHG. This result agrees well with the previous observation of SHG signal loss attributable to the disorder of semicrystalline structure during uncoupler induced hypercontraction of cardiomyocytes. 30 These examples show that the alteration of semicrystalline order without altering the chemical composition of myofilaments crucially impacts the SHG efficiency.
D. Effect of Natural Periodic Contractions on Second-Harmonic Generation Intensity
When myocytes undergo contraction, structural changes occur, including the conformational changes of the myosin heads. To study the changes in SHG intensity during contraction, spontaneous, rhythmic contractions of larval muscle were examined. It was found that spontaneous periodic contractions show a higher average SHG intensity of a row of sarcomeres in the relaxed state than in the contracted state. Figure 8 shows the normalized average intensity of SHG over time along with the sarcomere length; the SHG intensity increases as the sarcomere length increases. A maximum 20% change in sarcomere length was observed, while the maximum intensity fluctuation was 10%. The SHG appears more efficient when the myocyte is in a relaxed state. Similar results on the dependence of SHG on sarcomere length were observed in mouse skeletal myocytes that were stretched mechanically. 22 Since we are not altering the myosin itself, these changes can be attributed to the changes in the ordering of the semicrystalline structure; therefore a decrease in the semicrystalline order appears during contraction. A more homogeneous structure can be envisioned in the relaxed state of the myocyte.
Conclusions
The second-harmonic response from Drosophila myocytes was verified to be from the anisotropic bands of sarcomeres. The analysis of mutant strains provided strong evidence that a noncentrosymmetric semicrystalline arrangement has a crucial influence on the efficiency of SHG. A decrease in the semicrystalline order of anisotropic bands during mechanical stretching and without chemical alteration of myosin diminished the SHG intensity. This presented further evidence that the most significant factor in the SHG efficiency is the semicrystalline order of the anisotropic bands of sarcomeres. Results show that, during the functional contraction of muscle, the SHG efficiency changes are likely attributable to small changes in the organization of the anisotropic bands. Differences in the semicrystalline order of the anisotropic band observed via SHG microscopy may be useful as a diagnostic tool for muscular disorders. By understanding the semicrystalline origin of the second harmonic in myocytes and how changes in the crystallinity affect the signal, SHG microscopy, in combination with other nonlinear techniques, can become an invaluable tool for studying muscular function. 
